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Abstract— SAR interferometry has enabled two important
science applications: surface change detection and
topographic mapping. SAR interferometry is sensitive to the
location of the imaged area and the scattering geometry.
SAR polarimetry makes use of the polarization dependent
scattering response of each pixel within the imaged area.
The polarimetric response is highly sensitive to the
scattering mechanism of a pixel. S. R. Cloude and K. P.
Papathanassiou first published the formulation of
polarimetric interferometry that combines both SAR
interferometry and SAR polarimetry. The main purpose of
using polarimetric interferometry is to extract scattering
medium information that may be difficult to obtain from
scalar interferometry. Even though the formulation and
initial demonstrations appear to be very promising, potential
applications of polarimetric interferometry can only be
verified by comparing polarimetric interferometry signatures
with ground truth data. In this talk, we present the theory
and implementation of SAR polarimetric interferometry.
Especially, we review SAR  polarimetry, SAR
interferometry, and SAR polarimetric interferometry in a
unified manner. In addition, a new calibration technique
suitable for polarimetric interferometry is suggested in this

paper.
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1. INTRODUCTION

Natural objects scatter an electromagnetic wave differently
depending upon the incident wave polarization. In 1852,
Stokes described partially polarized light by using the
Stokes parameters. In 1946, George Sinclair used a 2 x 2
coherent scattering matrix to illustrate the radar target
property as a polarization transformer. In the 1960s and
1970s, many researchers studied various remote sensing
applications based on radar polarimetry [1]. The NASA/JPL
AIRSAR system is considered to be the first imaging radar
polarimeter [2]. By using imaging radar, the polarimetric
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characteristic can be measured for each pixel to understand
the scattering mechanism associated with it. Even though the
physical property of a pixel may not be easily recognized by
the polarimetric response, the geophysical information
associated with the scattering mechanism may be inferred
from the polarimetric response.

SAR interferometry has enabled two important
science applications: surface change detection and
topographic mapping [1]. Interferometric measurements are
obtained from subtle phase signatures shown in two SAR
images; therefore, two images must be coherent. The
correlation between two SAR images depends on various
parameters: SNR (Signal to Noise Ratio), the pixel
scattering property, the radar imaging geometry, and the
temporal change of the imaged area. The temporal
decorrelation becomes significant if two images are not
obtained simultaneously. In 1974, Graham reported the first
airborne interferometric SAR system that generated
topographic contours using the hardware interference system
[3]. The NASA/JPL AIRSAR system demonstrated the
DEM (Digital Elevation Model) production capability in
1986. This across track interferometric mode is popularly
known as TOPSAR. The interferometric correlation
coefficient depends on the scattering mechanism. Even
though the correlation coefficient does not uniquely depend
on the scattering geometry, an empirical approach may be
developed to produce useful physical information from the
interferometric correlation.

S. R. Cloude and K. P. Papathanassiou first
published the formulation of polarimetric interferometry that
combines both SAR interferometry and SAR polarimetry
[4]. That is, the interferometric response of each pixel is
measured for various polarization combinations. In this way,
the optimum polarization for SAR interferometry can be
selected to improve the interferometric SAR image quality.
Since the polarimetric response is sensitive to the scattering
mechanism, detailed scattering characteristics can be
estimated by using polarimetric interferometry.



2. SAR POLARIMTRY

In this section, we discuss various coherent scattering
vectors to represent polarimetric SAR data. The polarimetric
SAR implementation is shown in Fig. 1.
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Fig. 1. Polarimetric SAR implementation. A radar
polarimeter involves transmitting a wave of one polarization
and receiving echoes in two orthogonal polarizations
simultaneously. This is followed by transmitting a wave with
a second polarization, and again receiving echoes with both
polarizations simultaneously.

It has been shown that the polarization decomposition can
provide useful geophysical information. Using the linear

polarization basis, the scattering vector k; can be written as

R Shh
k, =|~28,, (1)
S

4%

where Sxy means the scattering response when a transmit

electromagnetic wave is y-polarized while the receive
antenna is x-polarized. Another coherent scatterirg vector
using the Pauli matrix basis is given by
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The coherent scattering vector using the circular polarization
basis can be expressed as
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When &, and k, are compared, the power associated with
each element provide different information. That is,
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However, the coherent scattering vector using the Pauli
matrix basis includes the co-polarized phase difference as
shown in equation (5).
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Notice that the total power is conserved regardless of the
polarization representation.

To understand polarimetric parameters that may
contain the geophysical information, we also examined the
correlation coefficients that can be obtained as

[T]=k -k* (6)

where + denotes the transpose and complex conjugate
operation. Nine independent quantities can be obtained from
equation (6): three backscattering cross sections and three
complex (amplitude and phase) cross correlation
coefficients. This cross correlation combination can be
accomplished by using various coherent scattering vectors
such as one using the Pauli matrix basis. The usefulness of
these correlation coefficients can only be evaluated when
they are compared with ground truth data.

The average covariance matrix [T ] [5] for azimuthally
symmetric scattering objects can be written as
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The hh-vv cross correlation (p ) is particularly useful for
estimating biomass. Then, the covariance matrix can be

decomposed into eigenvalues ( A ) and eigenvectors (K ) as

[T]z MK, KT ALK, Ky ALK, K
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The strength of eigenvalues can be used for identifying the
scattering mechanism associated with each pixel.

The coherent scattering vector can be written in various
ways. Another representation of the polarimetric response
can be accomplished by writing the coherent scattering
vector as

k= |1€ 7 (13)
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where ‘k ‘ is proportional to the scattering power and the

unitary complex vector # is written as
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Then, k|°, a, B, ¢, — ¢,, and ¢, — ¢, can be used to
characterize the polarimetric scattering response.

3. SAR INTERFEROMETRY

SAR interferometry uses two data sets (S, and S;)

obtained from both wupper and lower antennas.
Interferometric data products can be summarized by using
equation (15) as

st

The diagonal terms are usual SAR images and the off-
diagonal terms provide the interferometric information. The
implementation of SAR interferometry is shown in Fig. 2.

*

S8 8.8

5,5,

15
5SS ()

Upper Antenna

Transmit &ARec/eivi/
/ Receive only

(a) Single baseline mode

Lower Antenna

Upper Antenna

SAR antenna motion

—

Transmi;&/RefﬂiVe
Lower Antenna
/ Transmit &Receive

(b) Double baseline mode

Fig. 2. SAR interferometry implementation. (a) The upper
antenna transmits and both antennas receive a return echo
simultaneously. (b) Both upper and lower antennas transmit
and receive. In this way, the effective baseline length is
doubled.

The interferometric correlation coefficient can be expressed
as
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where (1-v,), (1-y,) and (1-y,)represent

scattering, thermal noise, and temporal decorrelation,
respectively. The temporal decorrelation disappears if a
single pass interferometry system is implemented. The phase
of the correlation coefficient is used for generating DEM
with proper phase unwrapping while its amplitude is related
to the scattering mechanism.

Once the interferometric system is calibrated, the noise
related decorrelation amount can be estimated. Therefore,
we can isolate the scattering related decorrelation that is
sensitive to the scattering geometry. From this scattering
related decorrelation, one can estimate the tree height based
on a simple scattering model. For this application, the
system must be well calibrated since the decorrelation value
is very small. It is also advantageous to use multiple
baselines if the multiple baseline configuration is available.



This approach was successfully implemented by several
researchers [6,7].

4. SAR POLARIMETRIC INTERFEROMETRY

Polarimetric interferometry combines both SAR polarimetry
and SAR interferometry. The polarimetric interferometry
system can be implemented by collecting polarimetric data
for both upper and lower antennas as shown in Fig. 3.
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Fig. 3. SAR polarimetric interferometry implementation.
Notice that this mode is a hybrid of SAR polarimetry and
double baseline SAR interferometry.

The polarimetric interferometry implementation as shown in
Fig. 3 can be done in two ways: single pass and repeat pass
data collections. Repeat-pass space-borne polarimetric
interferometry data were obtained at two SIR-C frequencies
(L- and C-band), with across-track interferometric baseline
separations of 10 to 4700 m in 1994. These data sets suffer
temporal decorrelation since we did not collected two
polarimetric data simultaneously. In order to remove
temporal decorrelation, the NASA/JPL AIRSAR system was
modified to collect single pass polarimetric interferometry
data at C-band [8]. Experimental polarimetric interferometry
data were collected by the NASA/JPL AIRSAR system in
1998 and 1999 and these data sets are currently under
calibration.

As noticed from Fig. 3, the polarimetric interferometry pulse
repetition frequency (PRF) is twice as high as the PRF of the
usual polarimetric SAR. Therefore, the data-limited swath is
only half of the usual swath. In addition, since the cross
polarization component has to be measured, the higher SNR
(Signal to Noise Ratio) will be very useful for the
polarimetric interferometry operation.

Using the linear polarization basis, output data products of
SAR polarimetric interferometry can be written as
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ky

Zo [ k] (7)
L

[TPI]:

where [T P ] is the polarimetric interferometry correlation

matrix. In addition to the linear polarization basis, various
coherent scattering vector representations can also be used
to obtain cross correlation coefficients that enhance the
geophysical features. Among the matrix elements in (17),
two polarimetric data sets are collected for both upper and
lower antennas. The differences in both polarimetric
responses are expected to be minor. The same polarization

interferometry data (such as S ,EZ)S ,Eﬁ,)*

derive DEMs and the decorrelation amount associated with
each polarization. The hybrid polarization interferometry

) can be used to

data (such as S ,(l:)S x)*) contains both polarization and

interferometry dependent decorrelation. It is expected that
each pixel can be characterized better by using both SAR
polarimetry and SAR interferometry. The phase center and
the correlation coefficient of each polarization response may
be used to retrieve physical scattering features such as tree
heights. The usefulness of these data sets must be evaluated
by comparing them with the ground truth data. In order to do
this evaluation, the polarimetric interferometry data must be
calibrated carefully.

We propose the polarimetric interferometry calibration in
two steps: the relative calibration between different
polarization pairs and the usual interferometric calibration.
Since the polarimetric interferometry signature can be
relatively minute, it is necessary to perform the relative
calibration precisely. Then, the usual interferometric
calibration can be applied to one polarization data and
subsequently all polarization combinations will be
calibrated.

Eight radar measurements are involved in the polarimetric
interferometry calibration as shown in equation (18).
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where the superscripts ¥ and / denote the upper and the
lower antennas, respectively. For the backscattering

three
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image, S,, =38,,;  therefore, homogeneous

polarization interferograms are
interferometric calibration in this apper: @,,,9,, and ¢, .

The differential interferogram has all necessary information
for relative polarization calibration. Mathematically
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where C is the constant phase (radar channel differential
phase), B is the phase due to baseline vector difference, Q is
the phase due to the different scattering mechanism, M is the
multi-path phase, and » represents the thermal noise

component. If we average A in the along track direction of
a homogeneous scene, the scattering related phase difference
Q and the radar noise term n will be significantly reduced.

That is, <Q>a ~ <n>a ~ 0. This technique is only effective

when the aircraft motion is included. The average process
should be based on the incidence angle to the aircraft since
the multi-path effect depends on the aircraft geometry. After

the average, the systematic phase error (P ) can be

obtained as

@, =(A@®,.))=C+B@,)+M(@,,)
(22)

where 9“ is the aircraft incidence angle. From @, one

may be able to estimate the baseline error to derive the
accurate  baseline information. Since polarimetric
interferometry  implements  the  double  baseline
interferometry mode, the phase B can be expressed in terms

of the differential baseline vector 6B as
A . o5
B(r,a) = Tn -OB 23)

Since two (upper anterma and lower antenna) images are co-
registered in the along track direction, the differential
baseline vector can be written as

8B = 8B, + 6B, h (24)

This baseline calibration is actually the calibration of two
vectors from the motion measurement system to both
antennas. The look vector A is in the direction of the
Doppler centroid used for the data processing and it is given

by

Ai=(-sin0Osinf, —cosH cosO  sinb )s
+(—sinB cosB, +cosOsinb  sinb )¢

+ cosO cosO pfz
(25)
where O » and 6 , are the pitch and the yaw angle,

respectively.

It is well known that the co-polarized phase difference can
be used for classification since it comes from the scattering
center displacement; however, for the forest area, the co-
polarized phase appears to be random since the phase center
displacement may be larger than the wavelength. This
problem can be solved if polarimetric interferometry is
implemented and the interferometric phase difference is
above the phase mnoise level. That is, since the
interferometric ambiguity height is much larger than the tree
height, the interferometric technique unwraps the
polarimetric phase difference. The polarization dependent
interferometric correlation also can be used for land
classification applications.

5. CONCLUSIONS

In this paper, we presented various representations of the
scattering mechanism in terms of SAR polarimetry, SAR
interferometry, and SAR polarimetric interferometry. In
order to use SAR data for science applications, desired
geophysical parameters must be measurable when SAR data
are properly enhanced. The relationship between SAR data
and geophysical parameters can be obtained by both
theoretical and empirical approaches. The techniques shown
in this paper can be used to derive useful geophysical
parameters from SAR data. We expect that SAR
polarimetric interferometry will provide detailed scattering
mechanism of each pixel that can be used for various
science applications such as the tree height estimation and
land classification.
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